Objective: To study the association between ABCA7 rare coding variants and Alzheimer disease (AD) in a case-control setting.
In Alzheimer disease (AD), shifting from a common disease-common variant hypothesis to a common disease-rare variant paradigm has allowed to identify rare variants in several genes, including TREM2, APP, UNC5C, and SORL1, that affect AD risk. [1] [2] [3] [4] [5] [6] [7] An association with PLD3 rare variants was also suggested 3 but not replicated in subsequent studies. [8] [9] [10] [11] [12] Recently, the role of loss of function (LOF) variants in ABCA7, a gene encoding an ATP-binding cassette transporter involved in lipid transport, has been highlighted in 2 reports. 13, 14 First, using imputation of the whole-genome sequences of ;2,600 Icelanders into ;3,400 patients with AD and ;151,000 population controls, Steinberg et al. 13 reported an association between 8 rare LOF variants and AD risk. They replicated this finding by genotyping additional patients and controls in datasets from Europe and the United states (combined odds ratio [OR] 2.3, p 5 6.8 3 10 215 ). Second, using targeted resequencing of a panel of candidate genes, Cuyvers et al. 14 identified an increase of ABCA7 LOF variants in 772 Flanders-Belgian patients compared to 757 geographically matched controls (relative risk 4.03, p 5 0.0002). Analyzing our wholeexome sequencing (WES) data in 484 unrelated French patients with early-onset AD (EOAD) and 590 ethnically matched controls, we found that besides SORL1, 7 ABCA7 was among the top hits for enrichment in rare (minor allele frequency [MAF] ,1%) predicted damaging variants. We present the results of the ABCA7 study. 15 The clinical examination included personal medical and family history assessment, neurologic examination, neuropsychological assessment, and neuroimaging. In addition, CSF biomarkers indicative of AD were available for 249 patients. 16 Patients with CSF biomarkers not consistent with an AD diagnostic (n 5 14) were excluded. Patients with PSEN1, PSEN2, or APP mutation (detected either by Sanger sequencing or by WES), APP duplication (detected by quantitative multiplex PCR of short fluorescent fragments), 17 or C9ORF72 expansion (detected following the protocol described by DeJesus-Hernandez et al. 18 ) were excluded. The number of APOE e4-positive patients was 256 (53%).
Controls.
A total of 595 controls of French ancestry were recruited. A total of 396 had an age at inclusion of $55 years and had normal Mini-Mental State Examination score, according to age and education level. The remaining controls were healthy blood donors. The mean age at inclusion (6SD) was 66.4 6 17.5 years. The number of APOE e4-positive controls was 138 (23%).
Standard protocol approvals, registrations, and patient consents. All patients and controls gave informed, written consent for genetic analyses. This study was approved by our ethics committee. WES. As previously described, 7 exomes were captured using Agilent SureSelect Human All Exon kits (Agilent Technologies, Santa Clara, CA). Final libraries were sequenced on a HiSeq2000 or 2500 (Illumina, San Diego, CA) with paired ends, 76 or 100 bp reads. We processed all exome samples following GATK 3.3-0 Best Practices recommendations. 19 We used BWA 0.7.5a to map reads to the 1,000 Genomes GRCh37 build. 20 Duplicate reads were flagged by using Picard Tools 1.101 (http://picard. sourceforge.net). We applied GATK for short insertion and deletions (indels) realignment, base quality score recalibration, and single nucleotide variants and indels discovery using the Haplotype Caller across all samples simultaneously. The joint variant calling file was annotated with RefGene gene regions, variant effects, and functional effect prediction tools using Annovar. 21 We then extracted high-quality (defined as variants with a variant quality score VQSLOD above 22) exonic and canonical splice site variants (located 62 bp around each coding exon) with a MAF of less than 1% in our whole dataset within each RefGene gene region.
We filtered genotypes according to the following criteria: genotype read depth had to be above 6 as well as genotype quality above 70. Nonsense, frameshift indels, and canonical splice site variants were classified as LOF. Missense variants were considered as strictly damaging if they were simultaneously predicted damaging by the following 3 software programs: Polyphen2 HumDiv, Mutation Taster, and SIFT. 21 Sanger sequencing. ABCA7 rare variants included in this study were confirmed by Sanger sequencing.
Quality checks. As previously described, 7 we used recommended quality control steps for genetic case-control association studies to analyze our data. 22 Most checks were carried out with PLINK 1.9 (https://www.cog-genomics.org/plink2). We processed all individuals in the sample through the following steps: (1) verifying concordant sex information using Plink sex check, 23 (2) discarding contaminated samples identified as such by significantly high heterozygosity rates and freemix contamination scores provided by the VerifyBamID software, 24 and (3) discarding samples when Plink pi_hat relatedness estimation exceeded 18.5%. Out of 485 initially included cases and 595 controls, 484 cases and 590 controls passed these quality checks. We did not detect any individual of divergent ancestry with Plink neighbor function. To confirm ethnic match between cases and controls, we used principal component analysis on common variants (MAF .5%) after exclusion of long-range linkage disequilibrium regions and variant pruning on linkage disequilibrium (r 2 . 0.2).
We filtered out variants that (1) were missing in more than 5% of individuals, (2) showed a significant deviation from Hardy-Weinberg equilibrium, or (3) presented significantly different missing call rates between cases and controls, as confirmed by Plink test missing at a threshold of 1.10 26 . None of these filters discarded any of the ABCA7 variants with a MAF below 1%.
Finally, the following 2 filters were applied locally to each Re-fGene coding region: (1) samples that missed information for more than 50% of variants in the given region were excluded from analysis and (2) variants that remained missing in more than 5% of remaining individuals were excluded from analysis. None of these filters affected the number of samples and variants under study within the ABCA7 gene.
Statistics. We imported all rare (MAF ,1% on the whole casecontrol sample) LOF and strictly damaging missense ABCA7 into Variant Association Tools. 25 We computed unadjusted gene-level collapsing tests using the CFisher function grouped by RefGene name, which corresponds here to a Fisher exact test comparing the proportions of variant carriers between cases and controls. We computed corresponding OR and confidence intervals (CIs) with R statistical software (http://www.R-project.org/). Single analysis results were obtained via the Fisher test function from package stats, while fixed effect meta-analysis results were obtained via the metabin function from package meta. We applied the same quality checks and gene-level association tests to every RefGene coding region in order to extract all possible gene-level p values and compute the genomic inflation factor. Using the estlamba function of the R statistical package genABEL, we found a value of l 5 0.88 for this genomic inflation factor, thereby excluding possible confounding from fine-scale population stratification. Finally, we checked that the observed association signal was independent from APOE status in a logistic regression model using the glm function from the R statistical software, adjusting for APOE e4-positive status.
RESULTS
We first analyzed rare LOF variants (nonsense, frameshift indels, and splice site) and identified in the entire dataset 12 variants (3 nonsense, 6 frameshift indels, and 3 splice site) present in 20 patients and 5 variants (3 frameshift and 2 splice site) present in 8 controls (OR 3.13 [1.30-8.30 ], p 5 0.006) (table e-1 on the Neurology ® Web site at Neurology.org). Besides canonical splice site variants, we included in this count the c.557015G.C variant, which has previously been shown to disrupt the splicing of exon 41. 13 were exclusively found in patients. Although they are predicted in silico as probably affecting splicing, we conservatively decided not to include them in the count. Overall, 4 of the 14 LOF mutations found in the whole dataset were already reported in the Icelandic study, 13 6 were found in the Flanders-Belgian cohort, 14 and 8 were novel (table e-1) . Four variants were simultaneously present in the 3 datasets from Iceland, Belgium, and France. We then focused on rare strictly damaging missense variants, namely variants with a MAF below 1% in our entire dataset, which were predicted as damaging by 3 software programs: Polyphen2 Hum-Div, Mutation Taster, and SIFT. We identified 10 rare strictly damaging missense variants present in 13 cases and 5 in 5 controls, resulting in an OR of 3.23 (95% CI [1.07-11.63], p 5 0.03) (table e-1). In total, 32 patients (6.6%) vs 12 controls (2.0%) carried at least one LOF or strictly damaging variant. Missense mutations were located throughout the sequence of ABCA7. No particular exon or functional domain was hit. The cumulative effect of LOF and strictly damaging missense variants in patients and controls resulted in an OR of 3.40 (95% CI [1.68-7.35], p 5 0.0002). Moreover, after adjustment for APOE41 status, the effect of ABCA7 variants remained largely significant (OR 3.1, 95% CI [1.57-6.48], p 5 0.0016). Therefore, the observed signal of association between EOAD and ABCA7 variants can be considered independent from APOE4 status. However, no interaction between these 2 risk factors could be detected (p 5 0.666). Of note, 4 patients also carried a SORL1 risk allele (table e-1).
We next performed a meta-analysis including the ABCA7 published data. Due to differences in the study design, it was not possible to recover the full load of ABCA7 rare variants in patients and controls of the Icelandic sample. Therefore, this analysis was restricted to the Flanders-Belgian sample (table e-2). In the combined study group of 1,256 patients and 1,347 controls from France and Belgium, the OR resulting from a fixed-effect meta-analysis was 2.89 (95% CI [1.78-4 .70], p 5 1.83 3 10 25 ) for LOF variants and 2.81 (95% CI [1.89-4.20] , p 5 3.60 3 10 27 ) for combined LOF and strictly damaging variants.
Finally, after the report that a frequent variant (p.Glu188Gly) had a nominally significant increased frequency in controls in the Flanders-Belgian sample, 14 we checked the allelic frequency of this variant in our dataset. The frequency of this variant was 0.41 in patients compared to 0.43 in controls (NS). DISCUSSION In this study, we explored the common disease-rare variants paradigm in EOAD. We performed WES with high depth of coverage (mean ;1203) on 484 well-characterized French patients with EOAD and 590 ethnically matched controls. There was a clear excess of cases carrying at least one LOF or a predicted damaging missense variant in the ABCA7 gene compared to controls (6.6% vs 2.0%). Of note, about half of the controls were still in the age range for developing EOAD, and although this condition is rare we cannot exclude that a small subset of them will develop it. Therefore the association could have been slightly underestimated. Performing a meta-analysis of these data with the previously published Belgian series allowed reaching an exome-wide significant association signal, strongly supporting the role of ABCA7 in AD determinism. It had initially been suggested that ABCA7 played a role in AD by favoring amyloid clearance. 26 Recently, it has been shown that ABCA7 also interferes with APP processing and reduces Ab production, possibly by regulating endocytic pathways. 27 In each case, suppression of ABCA7 is predicted to result in increased Ab load, which is consistent with the burden of LOF mutations found in patients with AD. Interestingly, considering the genetic data presented here, it is likely that at least a subset of rare missense strictly damaging ABCA7 mutations also results in ABCA7 LOF.
Of note, among the 32 patients with an ABCA7 LOF or missense variant, 4 additionally carried a SORL1 risk allele, pointing toward a possible oligogenic model of inheritance. However, considering the rarity of the observed variants, performing an accurate polygenic score analysis including SORL1, ABCA7, and TREM2 rare variants together with APOE status is still premature in terms of statistical power. Finally, the ABCA7 frequent variant (p.Glu188Gly) that had a nominally significant increased frequency in controls of the Flanders-Belgian sample was not found to be associated in the present sample, although a same trend toward an increased frequency in controls was noted. Our negative result might reflect a lack of power.
